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Irradiation Induced Fluorescence Enhancement in PEGylated
Cyanine-based NIR Nano- and Meso-scale GUMBOS
Chengfei Lu, Susmita Das, Paul K. S. Magut, Min Li, Bilal El Zahab, and Isiah M. Warner*
Department of Chemistry, Louisiana State University, Baton Rouge, LA70803, USA

Abstract
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We report on the synthesis and characterization of a PEGylated IR786 GUMBOS (Group of
Uniform Materials Based on Organic Salts). The synthesis of this material was accomplished
using a three step protocol: (1) substitution of chloride on the cyclohexenyl ring in the
heptamethine chain of IR786 by 6-aminohexanoic acid, (2) grafting of methoxy poly
ethyleneglycol (MeOPEG) onto the 6-aminohexanoic acid via an esterification reaction, and (3)
anion exchange between [PEG786][I] and lithium bis(trifluoromethylsulfonyl)imide (LiNTf2) or
sodium bis(2-ethylhexyl)sulfosuccinate (AOT) in order to obtain PEG786 GUMBOS.
Examination of spectroscopic data for this PEG786 GUMBOS indicates a large stokes shift (122
nm). It was observed that this PEG786 GUMBOS associates in aqueous solution to form nano-and
meso-scale self-assemblies with sizes ranging from 100 to 220 nm. These nano- and meso-scale
GUMBOS are also able to resist nonspecific binding to proteins. PEGylation of the original IR786
leads to reduced cytotoxicity. In addition, it was noted that anions, such as NTf2 and AOT, play a
significant role in improving the photostability of PEG786 GUMBOS. Irradiation-induced J
aggregation in [PEG786][NTf2] and to some extent in [PEG786][AOT] produced enhanced
photostability. This observation was supported by use of both steady state and time-resolved
fluorescence measurements.
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1. Introduction
Fluorescent nanoparticles have been widely studied as diagnostic and thermal therapeutic
agents with applications to tumor imaging and targeted cancer drug delivery. 1-7
Nanoparticles that can absorb and emit light in the near-infrared (NIR) region are of great
interest in biomedical applications since the skin has minimum absorption coefficient and
maximum penetration depth for electromagnetic radiation in the NIR region.8, 9 There are
numerous fluorescent NIR materials or molecules available which can be employed to
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provide fluorescence property in nanoparticles. These include quantum dots,10, 11
fluorescent protein,12, 13 gold/silver nanoparticles14, and fluorescent NIR organic
molecules.8, 15-17 Among these, NIR organic dyes have become the most frequently used
fluorophores in fluorescent probes for imaging vascular pathophysiology and other
disorders.9, 18 This is due to their low toxicity, low cost, and easy conjugation with
functional groups.19 Two methods have been developed to prepare fluorescent NIR organic
nanoparticles. One involves encapsulation of organic molecules in nanocomposite particles;9
the other uses a reprecipitation method to prepare nanoparticles employing water-insoluble
dyes.20, 21
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Among various organic fluorescent NIR dyes, heptamethine cyanine dyes are promising
candidates due to their high molar extinction coefficients and broad wavelength
tunability.22, 23 However, when used as optical contrast agents, the heptamethine cyanine
dyes suffer from several disadvantages. These major disadvantages which limit the
application of cyanine dyes for biomedical applications include low quantum yields, selfassembly to form non-fluorescent aggregates, short fluorescence lifetime, poor
photostability, cytotoxicity, non-specific binding to proteins and other cell components24,
and small Stokes shifts.25 To improve the properties of heptamethine cyanine dyes, much
effort has been directed toward modification of the molecular structures of these dyes. For
example, studies have demonstrated that cyanine dyes which incorporate a rigid
cyclohexenyl ring in the heptamethine chain have increased photostability and enhanced
quantum yield as compared to cyanine dyes with an open polymethine chain.26 In addition,
cyanine dyes with two sulfonic groups or carboxyl groups have improved photostability,
increased water solubility, as well as greater biocompatibility. For example, indocyanine
green (ICG), a cyanine dye with two sulfonic groups, has been approved by the U.S Food
and Drug Administration (FDA) for human use due to its low toxicity (LD50 of 50-80 mg/kg
for animal subjects).9
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For most heptamethine cyanine dyes, Stokes shifts are often less than 25 nm, which can
result in self-quenching and measurement errors from excitation and scattered light.25 Peng,
et al. have reported new cyanine dyes which have large Stokes shifts (>140 nm)27. These
new dyes are derived from cyanine dyes containing a central cyclohexenyl ring in the
heptamethine chain. A robust C-N bond substitution at the C-Cl bond on the rigid ring leads
to a large Stoke shift due to excited-state intramolecular charge transfer (ICT) between a
donor and acceptor in the dyes. However, most of these modifications were employed using
cyanine dyes which are water soluble. Water soluble dyes cannot self-assemble to produce
nanoparticles in aqueous solution using a reprecipitation method. In contrast, the research
reported in this manuscript focuses on modification of water insoluble heptamethine cyanine
dyes to produce stable self-assemblies in aqueous solution by use of reprecipitation.
PEG is a water soluble and biocompatible polymer that has been widely used to modify the
surface properties of various nanoparticles.28-31 The surface properties of nanoparticles, e.g.
hydrophobicity, play an important role in stabilizing such nanoparticles, which in turn
determines the in vivo fate of these nanoparticles. It is well established that nanoparticles
with hydrophobic surfaces are rapidly captured and massively cleared by the mononuclear
phagocyte system (MPS). Upon PEGylation, the hydrophilicity of the PEG chain will
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typically prevent such nanoparticles from being recognized by MPS.32 Moreover, PEG
chains extend into the aqueous pool and provide a sphere of solvation in water , thus
preventing such dyes from aggregating.33 In addition, a PEG shell has the potential of
reducing non-specific binding to proteins34 , as well as reducing cytotoxicity. 35
Our group has recently reported a series of organic salts which are similar to ionic liquids,
but do not fit the accepted definition of ionic liquids since they often have melting points
greater than 100 ° C.20, 21 We have defined these materials as a group of uniform materials
based on organic salts and use the acronym, GUMBOS, to describe these materials with
melting points between 25 °C and 250 °C. As used here, GUMBOS can be singular and
plural.
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Cyanine dyes are typically either cationic or anionic organic salts. Dyes with two sulfonic
groups or carboxyl groups are anionic salts with typically small counter cations, such as
sodium. Dyes without negatively charged groups are cationic salts with counter anions, such
as iodide ion. Since various anions are available for conversion to GUMBOS, cationic
cyanine dye based GUMBOS can be obtained by use of anion-exchange. It has been
demonstrated that cationic cyanine dyes coupled with various anions display tunable spectral
properties in aqueous solutions.21 Therefore, in this article, selection of a water insoluble
cyanine dye (cationic) for modification is based on considerations of exploiting these anion
controlled spectral properties.
In this study, in order to achieve large stokes shift, lower non-specific binding to proteins,
and to reduce cytotoxicity, 6-aminohexanoic acid linked with PEG was used to modify
IR786, which is normally a water insoluble cationic NIR dye with a rigid cyclohexenyl ring
in the heptamethine chain. The modified dye based GUMBOS were obtained by use of
anion exchange with sulfosuccinate (AOT) sodium salt and lithium bis(trifluoromethane)
sulfonamide (NTf2), respectively. In this manuscript, we demonstrate that PEGylated dyebased GUMBOS show increased Stokes shifts and can form nano- and meso-sized selfassemblies in aqueous solution. The nano- and meso-scale GUMBOS also displayed anion
and concentration dependent photostability as a result of irradiation. The PEG chains
provide a protective outer layer for improving steric stabilization and reducing non-specific
binding to protein and cytotoxicity.
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2. Experimental Methods
2.a Materials
IR786 iodide, 6-aminohexanoic acid, DMF, polyethylene glycol monomethyl ether
(MeOPEG, Mn=550), 1, 3 dicyclohexylcarbodiimide (DCC), bis(2-ethylhexyl)
sulfosuccinate (AOT) sodium salt (≥99%), and lithium bis(trifluoromethane) sulfonamide
(NTf2) were all purchased from Sigma Aldrich and used as received. Four (4)(Dimethylamino)pyridine (DMAP) and triethylamine were obtained from Fluka and Fisher
Scientific respectively. Triply deionized water (18.2MΩ cm), obtained from an Elga model
PURELAB ultra water-filtration system, and was used for the preparation of all PEGylated
NIR dye samples.
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The PEGylated NIR GUMBOS were synthesized by use of a two-step procedure followed
by an anion exchange reaction. In the two-step reaction, 6-aminohexanoic acid was first
attached to IR786 iodide ([IR786][I]) using a method described in the literature23. In this
procedure, triethylamine (198 μL, 1.42 mmol) and 6-aminohexanoic acid (126 mg, 1.42
mmol) were added to a solution of IR786 iodide (0.283 mmol) in anhydrous DMF (10 mL)
under nitrogen atmosphere. After stirring for 3 h at 85°C, the green solution changed to a
blue solution. Flash chromatography (AcOEt/MeOH 70/30 to 0/100) was used to obtain a
pure blue product (85% yield). Subsequently, 0.03 g of MeOPEG (0.06 mmol) and 0.02g of
N, N- dimethylaminopyridine (DMAP) were dissolved in 10 mL of anhydrous DMSO. In a
separate vessel, 0.0466 g of the blue compound (0.06 mmol) was dissolved into 10 mL of
anhydrous DMSO together with 0.0124 g N, N -dicyclo-hexylcarbodiimide (DCC, 0.06
mmol). The mixture was stirred for 30 min at room temperature and then added to the above
MeOPEG solution. This reaction mixture was then agitated for 2 days at room temperature
(75% yield).
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An anion exchange method similar to those reported in the literature was employed to
prepare PEG786 GUMBOS.21 Equimolar amounts of PEG786 iodide([PEG786][I]) and
sodium bis(2-ethylhexyl) sulfosuccinate (AOT) salt were dissolved in a mixture of
methylene chloride and water (2:1 v/v) and stirred for 12 h at room temperature. The
methylene chloride bottom layer was washed several times with fresh water to remove the
byproduct, NaI. The product ([PEG786][AOT], 80% yield) was obtained from the lower
organic layer and dried after solvent removal under vacuum. A similar anion-exchange
procedure was employed for preparation of [PEG786][NTf2]. Detailed information about
characterization of the products by use of NMR and ESI MS is provided in supporting
information.
2.c. Preparation and Characterization of PEG786 nano- and meso-scale GUMBOS
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The PEG786 nano- and meso-scale GUMBOS were prepared from PEG786 GUMBOS by
use of a reprecipitation method which has been previously described in the literature. 20, 21
A given amount (1-70μL) of a 1 mM GUMBOS ethanolic solution of the GUMBOS was
rapidly injected into 1 mL of triply deionized water in an ultrasonic bath (100 W), followed
by additional sonication for 5 min.
The average particle sizes and morphologies of the prepared PEG786 nano- and meso-scale
GUMBOS were obtained using transmission electron microscopy (TEM). These TEM
micrographs were recorded by use of an LVEM5 transmission electron microscope
(DelongAmerica, Montreal, Canada). A small amount of PEG786 nano- andmeso-scale
GUMBOS in aqueous solution was drop cast onto a carbon-coated copper grid and allowed
to dry in air at room temperature before TEM imaging. Electron diffraction measurements of
the dried nano- and meso-scale GUMBOS were obtained on a Nonius Kappa CCD
diffractometer through long exposure to Mo KR radiation and rotation of samples about the
vertical axis.
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For all spectroscopic measurements, samples were placed in a low-volume fluorescence
cuvet and held in place by use of a modified cuvet holder. UV-Vis-NIR absorption spectra
were recorded using a UV-3101PC UV-Vis-NIR scanning spectrophotometer (Shimadzu).
UV-Vis-NIR absorbance was performed and monitored in the wavelength range from 200
nm to 900 nm. Fluorescence spectra were recorded at room temperature by use of a Spex
Fluorolog-3 spectrofluorimeter (model FL3-22TAU3; Jobin Yvon, Edison, NJ, USA)
equipped with a 450-W xenon lamp and R928P photomultiplier tube (PMT) emission
detector. The photostabilities of these PEG-modified dyes were evaluated in aqueous
solution by excitation at 630 nm for 3000 seconds with 14nm slit width.
Fluorescence lifetime measurements were performed on a Spex Fluorolog-3
spectrofluorimeter (model FL3-22TAU3, Jobin Yvon, Edison, NJ) using time domain mode.
A picosecond pulsed excitation source of 735 nm was used and emission collected at 760
nm with a TBX detector. The time correlated single photon counting (TSCPC) mode was
used for data acquisition with a resolution of 7 ps/channel.
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2.e. Study of Resistance to Non-specific Protein Adsorption
Absorption difference spectroscopy was used to study the resistance of PEG786 nano- and
meso-scale GUMBOS to protein adsorption. Differential spectral titrations were performed
at room temperature. 36 The concentration of the dye in the reference cuvet and the dye in
the dye/BSA mixture were identical. The conditions employed were as follows:
1.

At a constant dye concentration of 20 μM in PBS solutions (pH = 7.4), the BSA
concentration was varied as follows: 0.1mg/mL, 0.2 mg/mL, 0.3 mg/mL, 0.4
mg/mL, 0.5 mg/mL, and 0.6 mg/mL;

2.

At a constant concentration of 0.5 mg/mL BSA in PBS solutions (pH=7.4), the dye
concentration was increased from 5μM to 20 μM;

3.

The dye and BSA mixtures were then incubated for 1 hour before UV-vis-NIR
absorption measurements.

2.f. In vitro Cytotoxicity Assay
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Cytotoxicities of IR786 and PEG786 GUMBOS against HeLa cancer cell line were
determined by use of an MTT Assay kit (Promega Corporation, Madison, WI, USA)
according to the manufacturer's instructions. Briefly, in a 96-well plate, ~5000 cells in 0.1
mL culture medium were seeded to each well. After 24 h, the old culture medium was
removed and discarded and 0.1 mL of new culture medium containing 0-40 μM [IR786][I]
or PEG786 GUMBOS dissolved in 1% DMSO was introduced to the cells. The cells were
then incubated for 48 h at 37 °C and 5% CO2, in a humidified incubator. At the end of the
incubation period, the cells were treated with 15 μL 3-(4, 5-Dimethylthiazol-2-yl)-2, 5diphenyltetrazolium bromide (MTT) and incubated for 2 h. After two hours, 100 μL of the
stop solution were added per well and incubated overnight. Cell viability was determined by
reading the absorbance at 570 nm with a reference wavelength of 650 nm using a micro
plate spectrophotometer (Benchmark Plus, Bio-Rad Laboratories, Hercules, CA, USA).
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The position of the chloride on the central cyclohexenyl ring of [IR786][I] is considered to
be a useful reaction site for further structural modification. Six (6)-aminohexanoic acid,
which has two functional groups, was linked to [IR786][I] by use of an SNR1 reaction
(Scheme 1, first reaction). Afterwards, polyethylene glycol monomethyl ether (MeoPEG)
was attached to 6-aminohexanoic acid by use of an esterification reaction between the
carboxyl and hydroxyl groups (Scheme 1, second reaction). Finally, the PEG786 GUMBOS
were synthesized employing an anion exchange between [PEG786][I] and bis(2-ethylhexyl)
sulfosuccinate (AOT) sodium salt (≥99%), lithium bis(trifluoromethane) sulfonamide (NTf2)
(Scheme 1, third reaction).
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PEG786 GUMBOS formed nano sized self-assemblies in aqueous solution when a
reprecipitation method was employed.19,20 These nano- and meso-scale GUMBOS were
characterized using transmission electron microscopy (TEM) (Figure 1). The TEM images
of [PEG786][NTf2] show that these nano- and meso-scale GUMBOS were primarily
spherical with average diameters in the range of 100 to 220 nm; while [PEG786][I] nanoand meso-scale GUMBOS displayed both spherical and quasi spherical particles with
average size ranging from 100 to 150 nm.
3.a. Spectroscopic Analysis of PEG786 GUMBOS
The PEG786 GUMBOS exhibited broader spectra as compared to the original unmodified
IR786 (Figure 2). The absorption maxima of [PEG786][I] was observed at 620 nm which
was 150 nm blue shifted as compared to its non-PEGylated counterpart. A large Stokes shift
of 122 nm was also observed as compared to IR786 with a Stokes shift of 25 nm. The
significant increase in Stokes shift after substitution of C-Cl bond with a C-N bond on the
central ring is attributed to intramolecular charge transfer (ICT).27 After structural
modification, the nitrogen binding to the cyclohexenyl ring results in a bridgehead amine,
which leads to intramolecular charge transfer (ICT). Accompanying ICT, a locally excited
(LE) state (pyramidal geometry) is formed after excitation, and then transformed into an ICT
state (planar configuration).26 This process is illustrated in Scheme S1 of the supporting
information.
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3.b. Photostability of PEG786 Nano- and meso-scale GUMBOS
The stability of dyes, including the ability to resist degradation from light, heat, oxygen, and
ozone, is important for spectroscopic applications.37 For example, as optical contrast agents,
cyanine dyes should have high photostability in order to improve their lifetimes for laser
operation. In order to track the photobleaching of PEG786 GUMBOS, aqueous solutions of
this compound were irradiated by use of a xenon lamp (630nm, slits 14/14) over a period of
50 min to examine irradiation photostability. A decrease in the emission maxima over time
was recorded and is illustrated in Figures 3. As seen in Figure 3A, at a concentration of 20
μM, the photostability of [PEG786][AOT] was much higher than that of [PEG786][NTf2]
and [PEG786][I]. [PEG786][I] has the lowest photostability with a residual emission
intensity of 15%. The residual emission intensity for [PEG786][AOT] and [PEG786][NTf2]
are 57% and 35%, respectively.
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The effect of concentration on photostability of PEG786 GUMBOS in aqueous solution was
also investigated. The results shown in Figure 3B, C and D indicate that photostability of
three PEG786 nano- and meso-scale GUMBOS from 20 μM to 70 μM in water. It was
observed that for [PEG786][I] the photostability dropped at all concentrations over a period
of 50 min. However, for [PEG786][NTF2] nano- and meso-scale GUMBOS, the higher
concentrations exhibited an increase in fluorescence intensity after irradiating for more than
500 sec. Similar behavior was observed for [PEG786][AOT] at higher concentrations.
The emission spectrum of [PEG786][NTf2] has a maximum at 742 nm and a shoulder at 798
nm (Figure 4A). Interestingly, it was observed that the photostability of [PEG786][NTF2]
increased upon short irradiation at all concentrations when the emission was collected at the
shoulder (798 nm). Data from Figure 4B demonstrates that the ratio of residual emission
intensity to emission intensity before irradiation at 798 nm was much higher than that at 742
nm: ratios of 65%, 160% and 160% at 798 nm were obtained as compared to 35%, 53% and
90% at 742nm with respective concentrations of 20 μM, 50 μM and 70 μM. The sharp
increase in emission intensity at 798 nm after irradiation as compared to that before
irradiation suggests that a new emitting species is formed due to irradiation which emits near
798 nm and has a higher quantum yield as compared to the initial emitting species.
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Emission and excitation spectra of PEG786 nano- and meso-scale GUMBOS were obtained
before and after irradiation. As a comparison, emission and excitation spectra without
irradiation were also investigated to identify the new emitting species and understand the
mechanism of formation. Figure 5A shows the excitation and emission spectra of [PEG786]
[NTf2] (50 μM) before and after irradiation. Both the excitation and emission maxima
exhibited a red shift after 50 min of irradiation. The excitation maximum shifted from 625
nm to 640 nm and the emission maximum shifted from 640 nm to 773 nm. These new
maxima were ascribed to the new emitting species, which needs identification. Time studies
of [PEG786][NTf2] aqueous solution without irradiation were performed by recording the
excitation and emission spectra at 15 min interval. The final spectrum was recorded at 50
minutes. The results are shown in Figure 5B and C. No peak shift was observed during time
studies, which indicates that formation of the new emitting species is induced by irradiation
rather than time. Moreover, such a phenomenon was not observed at 1 μM which is an
extremely low concentration for induction of dye aggregation. This observation further
suggests that the new emitting species is a molecular aggregate formed as a result of higher
concentration and irradiation. Irradiation-induced J-aggregation has been reported for other
cyanine dyes with different templates.38 J aggregates are usually characterized by redshifted absorption and intense fluorescence as compared to the corresponding monomeric
species.37
In order to further verify irradiation induced J-aggregation formation, fluorescence lifetime
measurements were performed. These measurements for [PEG786][NTf2] nano- and mesoscale GUMBOS in water revealed an extremely short component of 69 ps after irradiation.
This was the only emitting species as compared to before irradiation which was composed
of a longer component of 349 ps. However, as noted, at the lower non-aggregation
concentration of 1μM, the appearance of a shorter component was not observed in the
fluorescence lifetime measurements after irradiation. Similar results were obtained for
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[PEG786][AOT] nano- and meso-scale GUMBOS at higher concentrations. These results
are summarized in Table 1. J-aggregation is often characterized by short lifetimes and
enhanced fluorescence. Thus, the combination of steady state fluorescence, kinetic studies,
and fluorescence lifetime confirms irradiation induced J-aggregation and enhanced
fluorescence of the PEGylated nano- and meso-scale GUMBOS.
3.c. Studies of Resistance to Nonspecific Protein Adsorption
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Absorption difference spectroscopy is often used to study the interaction between dyes and
proteins.36 The absorption spectrum of the unmodified dye [IR786][I] in water has a broad
maximum at 764 nm (Figure S5 of Supporting information). In contrast, the spectrum of
[IR786][I] in the presence of BSA is characterized by a maximum at 785 nm with a narrow
peak. Thus, a considerable difference in absorbance was observed due to formation of an
IR786 BSA complex. For determination of the dye BSA binding process, 20 μM of
unmodified [IR786][I] was titrated with increasing amounts of BSA, and 0.5 mg/mL of BSA
was titrated with increasing amounts of [IR786][I]. The intensity of the 785 nm peak in each
spectrum was plotted against the BSA concentration (Figure 6 A), or dye concentration
(Figure 6 B). In both studies, the plots appeared to be linear. These results suggest that the
[IR786][I] has a strong interaction with BSA, and the dye-BSA complex concentration is
directly proportional to both the dye and BSA concentration.
Similar studies to those described in the previous paragraph were conducted between
PEGylated dye, [PEG786][I], and BSA. A difference in absorbance was observed in
[PEG786][I] and BSA mixture compared to [PEG786][I] in PBS solution (Supporting
information Figure S6). A peak shift from 625 nm to 645 was ascribed to the presence of
PEG786 – BSA complex. Evaluation of the titration studies showed that the titration curve
was saturated at a concentration of 0.3 mg/mL BSA with a constant dye concentration
(Figure 7 C). When the BSA concentration was held constant at 0.5 mg/mL, increasing the
dye concentrations showed negligible effect on the intensity of the 645 nm peak for
difference spectra (Figure 7D). Therefore, [PEG786][I] interacts very weakly with BSA and
binding to BSA follows a saturation curve.
3.d. In vitro Cytotoxicity Assay of PEG786 GUMBOS
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Cellular toxicity of fluorescent NIR nano-particles is a prime limitation which restricts
application to living cell imaging.39 Quantum dots are photostable fluorescent NIR nanoparticles with high luminescent efficiency; however, these nano-particles are not always
suitable for application in humans due to cytotoxic effects.40-42 Indocyanine green (ICG), in
contrast, has been approved by the FDA for human use because of its low toxicity regardless
of its poor photostablity and low quantum yield in aqueous media. However, research has
demonstrated increased toxicity with an increase in ICG concentration, which limits the
application of ICG at higher concentrations.43
Evaluation of our in vitro cytotoxicity data suggests that the cytotoxicity of PEG786
GUMBOS is similar to [IR786][I] at low concentrations, but significantly different from
[IR786][I] at high concentrations (Figure 8). When the concentration is less than 15 μM,
both PEGylated and un-PEGylated dye show low toxicity to cells, and there is no significant

Langmuir. Author manuscript; available in PMC 2014 September 23.

Lu et al.

Page 9

NIH-PA Author Manuscript

differences between [IR786][I] and PEG786 GUMBOS. Further examination of the results
of the modified and unmodified dyes suggests that PEGylation significantly reduces the
cytotoxicity of [IR786][I] at high concentrations. For example, the average cell viabilities in
wells containing [PEG786][I], [PEG786][NTf2] and [PEG786][AOT] are 40.7%, 51.3% and
55.7% at a concentration of 30 μM, while the average cell viability in wells containing the
same concentration of [IR786][I] is 8.4% which is lower than that of dead control (10.3 %).
This indicates that [IR786][I] completely inhibited cell proliferation at this concentration.
This phenomenon can be ascribed to the formation of PEG786 nano- and meso-scale
GUMBOS comprised of molecular self-assemblies with the hydrophobic dye skeleton
facing the core of the assembly and the hydrophilic PEG chain on the surface at high
concentrations. Thus, PEG chains appear to protect the dye from direct contact with the
cells, thereby decreasing its toxicity. This result suggests that PEG786 GUMBOS are
suitable to be employed for cellular imaging at high concentrations.

4. Conclusions
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We have successfully synthesized PEG modified IR786 GUMBOS by simple variations of
the associated counter anions. After modification, the new dyes showed very different
properties as compared to the unmodified dye, which appear to be a result of formation of
self-assemblies in water. A large Stokes shift of the PEG786 GUMBOS is attributed to
intramolecular charge transfer (ICT) between the pyramidal and planar conformations in the
excited states. PEG786 nano- and meso-scale GUMBOS also exhibit a reduced binding
constant with BSA and reduced cytotoxicity at higher concentration. This is likely due to
protection from PEG chains located on the surface of the nano- and meso-scale GUMBOS.
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In addition to the above properties, photostability of PEG786 nano- and meso-scale
GUMBOS varies with changes in anion. AOT and NTf2 are shown to improve the
photostablity of PEG786 nano- and meso-scale GUMBOS. We have also demonstrated that
improved photostablity of [PEG786][NTf2] nano- and mesoscale GUMBOS is a result of
irradiation induced changes in dye molecule stacking, which lead to J-aggregation. Most
importantly, the observation that PEGylation of IR786 followed by anion exchange with
suitable anions leads to enhanced fluorescence upon irradiation and reduced cytotoxicity at
higher concentrations may provide many potential applications for biomedical imaging
using NIR fluorescence.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Transmission electron micrograms of [PEG786][NTf2] (left) and [PEG786][I] (right) nanoand meso-scale GUMBOS

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Langmuir. Author manuscript; available in PMC 2014 September 23.

Lu et al.

Page 14

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Figure 2.
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Absorption (blue) and emission (red) spectra of [PEG786][I] (left) and [IR786][I] (right) in
water
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Figure 3.

Effects of anions (A) and concentration (B, C, D) on photostability of PEG786 nano- and
meso-scale GUMBOS
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Figure 4.

Photostability study of [PEG786][NTf2] with emission wavelength at 798 nm
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Figure 5.

(A) Excitation (left) and emission (right) spectra of [PEG786][NTf2] (50uM) before and
after irradiation. Excitation (B) and emission (C) spectra of [PEG786][NTf2] (50uM)
without irradiation
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Figure 6.

Titration of BSA with IR786 at λ=785 nm in PBS, pH=7.0. The dye concentration in the
sample cuvettes was 20μM (A); the BSA dye concentration in the sample cuvettes was 0.5
mg/mL(B).
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Figure 7.

Titration of BSA with [PEG786][I] at λ=645nm in PBS, pH=7.0. The dye concentration in
the sample cuvettes was 20μM (C); the BSA dye concentration in the sample cuvettes was
0.5 mg/mL (D)
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Figure 8.
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In vitro cytotoxicity of PEG786 GUMBOS and [IR786][I] on Hela cells as measured by the
MTT assay (inset is the cell viability of [IR786][I] at 40 μM). Cell viability is expressed as
mean ± S.D. (n = 3).
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Scheme 1.

Synthesis of PEG786 GUMBOS
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Lifetime of [PEG786][AOT] and [PEG786][NTf2] before and after irradiation
System

τ1

al

τ2

1μM [PEG786][AOT] before irradiation

243 ps

l

1μM [PEG786][AOT] after irradiation

172 ps

l

50μM [PEG786][AOT] before irradiation

23.5 ps

0.7

325 ps

0.3

190 ps

0.1

a2

χ
1.4
1.3
1.5

50μM [PEG786][AOT] after irradiation

32.3 ps

0.9

1μM [PEG786][NTf2] before irradiation

146 ps

l

1.4

1μM [PEG786][NTf2] after irradiation

272 ps

l

1.2

50μM [PEG786][NTf2] before irradiation

349 ps

l

1.2

50μM [PEG786][NTf2] after irradiation

69 ps

0.99

395 ps

0.01

1.5

1.8
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